Using ground-based data, meteorological observations, and atmospheric environmental monitoring data, a comparative analysis of the microphysical and optical properties, and radiative forcing of aerosols was conducted between three stations in different developed environments during a severe air pollution episode during the Spring Festival over Beijing. During the most polluted period, the daily peak values of the aerosol optical depth were ~1.62, ~1.73, and ~0.74, which were about 2.6, 2.9, and 2.1 times higher than the background levels at the CAMS, Xianghe, and Shangdianzi sites, respectively. The daily peak values of the single scattering albedo were ~0.95, ~0.96, and ~0.87. The volume of fine-mode particles varied from 0.04 to 0.21 µm 3 µm -2 , 0.06 to 0.17 µm 3 µm -2 , and 0.01 to 0.10 µm 3 µm -2 , which were about 0.3 to 5.8, 1.1 to 4.7, and 1.2 to 8.9 times greater than the background values, respectively. The daily absorption aerosol optical depth was ~0.01 to ~0.13 at CAMS, ~0.03 to ~0.14 at Xianghe, and ~0.01 to ~0.09 at Shangdianzi, and the absorption Ångström exponents reflected a significant increase in organic aerosols over CAMS and Xianghe and in black carbon over Shangdianzi. Aerosol radiative forcing at the bottom of the atmosphere varied from -20 to -130, -40 to -150, and -10 to -110 W m -2 for the whole holiday period, indicating the cooling effect. The potential source contribution function and concentration-weighted trajectory analysis showed that Beijing, the southern parts of Hebei and Shanxi, and the central northern part of Shandong contributed greatly to the pollution.
INTRODUCTION
Aerosol particles influence regional and global climate change by scattering or absorbing radiant energy, thereby affecting the earth's radiation budget (Ackerman et al., 1981; Nakajima et al., 1990; Charlson et al., 1992; Hansen et al., 2000; Takamura et al., 2004; Wang et al., 2010; Gui et al., 2017; Che et al., 2018) . Moreover, aerosol particles can play a role as cloud condensation nuclei, altering the size distribution of cloud droplets, affecting their physical characteristics, and contributing to change in cloud precipitation efficiency (Nakajima et al., 1996; Dubovik et al., 2000; Campanelli et al., 2012; Eck et al., 2012; Estellés et al., 2012) . Despite numerous studies on aerosol particles, there is still much uncertainty surrounding aerosol optical properties in relation to current assessments and predictions of regional and global climatic change (Takamura et al., 1994; Nakajima et al., 2001; Ramanathan et al., 2001; Estellés et al., 2007) .
Aerosol particles not only contribute to global and regional climate change, but can also cause environmental and public health problems (Wang et al., 2006; Zhang et al., 2013; Zhao et al., 2013) . Over the last 30 years, rapid economic and societal growth in China has led to substantial changes in human activities, such as industrialization, urbanization, and increasing car numbers (Ge et al., 2009; Zhao et al., 2009; . As a result, high concentrations of aerosol particles are found in many megacities (Qiu and Yang, 2000; Luo et al., 2001; Li et al., 2013; Zhao et al., 2015) , resulting in a reduction in both visibility and the penetration of solar radiation (Watson et al., 2002; Che et al., 2005; Che et al., 2007; Gui et al., 2016) , and a deterioration in air quality (Wang et al., 2003; Zheng et al., 2016) , especially in the North China Plain (Xia et al., 2005; Xue et al., 2011; Zhu et al., 2014) .
The study of aerosol optical properties is useful in increasing our understanding of air pollution (Garland et al., 2008; Zhang et al., 2008; Wang et al., 2011; Che et al., 2015) , and several studies in recent years have focused on megacities such as Beijing. Eck et al. (2010) analyzed fine-and coarse-mode aerosol particles over Beijing and stated that the fine-mode particles showed a negative correlation with single scattering albedo (SSA) when the fine-mode particle content was less than 50%. Xue et al. (2011) suggested that both the increasing amount of dry pollution aerosols and the enhanced hygroscopic growth of the aerosol contributed greatly to the total atmospheric extinction coefficient based on a study about the influences of pollution particles on the optical properties near Beijing. Che et al. (2014) studied the optical and radiative properties of aerosol during a serious haze-fog pollution episode in the North China Plain and found that during the pollution stage, the fine-mode aerosol optical depth (AOD) was about 2.5 times bigger than that during the non-pollution stage at urban sites in Beijing. However, relatively few studies have focused on the aerosol optical properties in this area during the Spring Festival holiday, considering the unique human activities and pollution emission conditions that occur at this time (Huang et al., 201; Yu et al., 20132; Jing et al., 2014; Jiang et al., 2015; Zheng et al., 2017) . During the Spring Festival, there are intensive and widespread fireworks as the people celebrate the Chinese New Year, and this offers an opportunity to study the influences of human activities on optical and radiative properties of aerosol.
The primary purpose of this study was to investigate the variational characteristics of aerosol microphysical, optical and radiative properties at three sites (representative of urban, suburban, and rural environments) in the Beijing and surrounding regions using a CE-318 sun-photometer, including AOD, Ångström exponent (α), SSA, and aerosol volume size distributions, which could be affected by human activities during this traditional holiday. This work not only provides a preliminary view of aerosol optical properties during this holiday period, but is also conducive to increasing our knowledge on the influence of human activities on air pollution, which would contribute to improving regional air quality.
SITES, DATA AND ANALYTICAL METHODS

Site Descriptions and Instrumentation
Three sites in the Beijing and surrounding regions, with available solar-and sky-scanning radiometer (Cimel Electronique CE-318) measurements, were selected for this study (Fig. 1) . Table 1 shows the geographical details and site descriptions. The observation station at the Chinese Academy of Meteorological Sciences (CAMS) is located in the central urban area of Beijing, and the main pollution sources are originated from urban activities . Xianghe is a suburban station, located 50 km east of Beijing, and its measurements show the aerosol characteristics of a suburban area in Beijing (Xia et al., 2005) . The Shangdianzi rural site is located 150 km to the northeast of Beijing, and is considered a regional atmospheric background station because it is far away from large anthropogenic emission sources .
The Cimel Electronique CE-318 sun photometer has eight channels at 1640, 1020, 870, 670, 500, 440, 380 , and 340 nm, and the 940 nm water vapor channel with a 1.2 field of view (Holben et al., 1998) . The sun photometers at the CAMS and Xianghe sites are operational within both CARSNET (China Aerosol Remote Sensing Network) and AERONET (Aerosol Robotic Network) (Che et al., 2008) , and were calibrated with AERONET-PHOTONS calibration (Holben et al., 1998) at Lille University (LOA/USTL, France) and Izaña Observatory (Tenerife, Spain). Calibration of the sun photometers at the Shangdianzi site followed the calibration protocol used by AERONET, and inter-comparison and sphere calibrations were performed every year by CARSNET to ensure the accuracy of the measurements . This study analyzed the optical parameters of aerosols (using level 1.5 data with the cloud screening), including the AOD, Ångström exponent (α), SSA, absorption AOD (AAOD), absorption Ångström exponent (AAE), volume size distribution, and radiative forcing.
Analytical Methods and Data
In this study, the Chinese Spring Festival holiday in 2016 was selected to investigate the influences of human activities on optical and radiative properties of aerosol. For comparison, we used two-month-average value (including the holiday period) to illustrate the general background level at each observation site. Surface meteorological data and vertical observation data during the study period were obtained from the China Meteorological Administration, and the hourly particulate matter (PM) concentration data were obtained from the China National Environmental Monitoring Centre (http://www.cnemc.cn/). There are about 30 monitoring stations located in Beijing. We calculated the average value of all these stations to obtain a representative value of the entire PM 2.5 mass concentration over the Beijing region for this study . ERA-Interim data (global reanalysis datasets, http://apps.ecmwf.int/datasets) were used to analyze the regional variation in the surface wind field and the height of the planetary boundary layer. Version 4 of the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Hess, 1998) was used to track the transport pathways of air masses arriving during the haze event.
This study used potential source contribution function (PSCF) analysis and this technique has often been used to identify the probable locations of emission sources affecting pollutant loadings in this study area (Yan et al., 2015; Xin et al., 2016) . The concentration-weighted trajectory (CWT) method, developed by Hus et al. (2003) , was used to distinguish between strong and weak sources and show the probable contributions. Detailed information about this method, including the algorithm and principle, has been reported previously (Stohl, 1996; Polissar et al., 2001 ) and is thus not repeated here.
RESULTS AND DISCUSSION
Meteorological Conditions and Pollutant Concentrations Analysis of Meteorological and PM Data
The temporal variation of the concentrations of PM and the meteorological conditions at the three sites were investigated before analyzing the optical properties of the aerosols. This was because these two factors make a substantial contribution to the air pollution. Fig. 2 shows the time series of PM concentrations at these three sites (the dash line shows the mean value, and so are the follows). Fig. 3 illustrates the daily mean variation in the surface wind field and planetary boundary layer height (PBLH) over the Beijing region. The wind direction can affect the transport of air pollutants and may dominate the spatial distribution of visibility. The wind speed also has a substantial influence on the accumulation and diffusion of aerosol particles, and thus is an important factor affecting the concentration of PM (Che et al., 2007) . The PBLH plays a significant role in determining the vertical distributions of aerosol particles, because the higher the accumulation of ambient aerosols, the less solar radiation reaches the surface, which will further restrict the development of the planetary boundary layer, thus compounding the air pollution near the surface during stable weather conditions (Deardorff et al., 1972; Gao et al., 2015; Leng et al., 2015) . It is clear from Fig. 2 that the daily PM 2.5 mass concentration varied coincidentally with the PM 2.5 /PM 10 ratio. About 10 days before the Spring Festival holiday began (27-29 January), an air pollution event occurred, during which the daily mean PM mass concentrations were higher than background levels (~53 µg m -3 ), with a maximum of ~125 µg m -3 observed on 28 January. During these three days, the PM 2.5 /PM 10 ratios were almost ~0.9, indicating the generation of numerous fine aerosol particles. Following this, the daily PM mass concentrations and the PM 2.5 /PM 10 ratio showed a decreasing trend and the PM 2.5 values fell below the background level. During the holiday, serious air pollution episodes were observed on 8 February and 10-12 February, with PM 2.5 concentrations higher than 150 µg m -3 . The mean PM 2.5 concentration and the PM 2.5 /PM 10 ratio during the holiday period was ~65 µg m -3 and ~1.0, which were about 23% and 43% higher than the background levels (~53 µg m -3 and ~0.7), respectively. As can be seen from Fig. 3 , when the severe air pollution began (10-12 February), the weather conditions on the day before shared the same characteristics (9-11 February), showing weak southerly surface winds (lower than 2 m s -1 ) and relatively low PBLH (~200 m), which impeded the diffusion of atmospheric pollutants. Another pollution episode occurred about 8 days after the holiday (21-22 February), with a PM 2.5 concentration and PM 2.5 /PM 10 ratio of ~67 µg m -3 and ~0.8, which were about 27% and 14% higher than the background levels, respectively.
In general, the variation in relative humidity (RH) was similar to that of PM 2.5 ( Fig. 2(b) ), which generally showed relatively high values during the air pollution episodes. During the holiday air pollution period (10-12 February), the RH increased with the PM 2.5 concentrations, and reached a maximum (~80%) on 12 February. The mean RH value over the holiday period was ~49%, which was about 36% higher than the background level (~36%). It should be noted that the RH affects the hygroscopic growth of finemode aerosol particles Fu et al., 2014) .
Furthermore, the high humidity conditions strongly enhanced the formation of secondary aerosol species such as NO 3  -,  SO 4 2-, and secondary organic compounds, in a similar manner to the processes occurring in clouds (Blando et al., 2000; Hennigan et al., 2008) .
Analysis of Atmospheric Stratification of Temperature
The continuous inversion of temperature near the surface in the vertical direction is conducive to the accumulation of air pollutants. This is because a stable thermal structure restricts the vertical motion of air masses, reducing the diffusion of pollutants to higher altitudes, and eventually leading to pollution being confined near to ground level (Fu et al., 2014) . Fig. 4 shows the vertical distribution of temperature in Beijing from 6 till 13 February 2016. It is clear that the surface temperature inversion layer was almost continuous, having been observed at both 0800 h and 2000 h (local time) during the entire holiday, especially when the air pollution was serious. In addition, during the period of 10-12 February, when the air pollution was most severe, the temperature inversion layer not only occurred near the ground (~100 m), but was also observed in the upper atmosphere (~750 m), indicating that weak vertical motion of air masses occurred during these days, favoring the accumulation of air pollutants near the ground, and contributing to the high pollution episode.
Optical Properties of Aerosols AOD, Ångström Exponent and Water Vapor
As can be seen from the spatial and temporal variation of the AOD at 440 nm and α 440-870 nm in Fig. 5 , the variation in AOD was comparable with that of PM 2.5 concentrations (Fig. 2) , and was consistent at all three sites during this study period (the missing AOD data were due to the accumulation of cloud). In general, there were three serious air pollution episodes at all three sites around the holiday period. The background values of AOD at CAMS and Xianghe were similar, at about 0.45, and their α values were about 0.91 and 1.06, respectively. This indicates that fine-mode particles were dominant at these two sites (> 0.8). The AOD variation at Shangdianzi station was consistent with those at CAMS and Xianghe, but the values were systematically lower than those at the urban and suburban sites, suggesting there are fewer anthropogenic pollution sources in this region. The AOD and α background values were ~0.24 and 0.78, respectively, reflecting the dominance of coarse-mode particles at Shangdianzi.
It is clear that a serious pollution episode before the holiday also took place around 29 January. The maximum AOD and α values at CAMS, Xianghe and Shangdianzi all exceeded 1.50 and 1.3, suggesting significant formations of fine particles. This may have been because companies, industries and government usually give their employees leave about one week before the holiday officially begins, and higher traffic volumes are often seen at this time (Huang et al., 2012; Jiang et al., 2015) .
During the holiday period, strongly increasing trends in AOD and α were observed. It should be noted that during the early three days of the holiday (7-9 February), the AODs were lower than the background level. As seen in Fig. 3 , the strong northerly wind (~6 m s -1 ) and relatively high PBLH (~550 m) favored the diffusion of air pollutants, contributing to better air quality. The strongly increasing trends in AOD were observed at all sites from 8 to 12 February. The peak AODs at CAMS and Xianghe occurred on 12 February, with values of ~1.62 and ~1.73, which were about 2.6 and 2.9 times higher than the background levels, respectively. The maximum at Shangdianzi was observed on 10 February, with a value of ~0.74, and was 2.1 times higher than the background level. The daily α values during this stage were seen to increase with the AODs and were almost higher than the background level.
The peak values all exceeded 1.5, which suggested substantial generation of fine particles. The firework displays may have been responsible for the burst of heavy air pollution, as mentioned above. The intensive and widespread use of fireworks emits considerably high levels of pollutant gases (i.e., CO, SO 2 , NO x ) Shi et al., 2011) and, additionally, the humid environment (Fig. 2) would have greatly enhanced the formation of secondary organic aerosol species, leading to further deterioration in air quality (Blando et al., 2000; Hennigan et al., 2008) . In summary, the mean values of AOD during this holiday period at CAMS, Xianghe and Shangdianzi were ~0.60, ~0.75 and ~0.29, which were 33%, 67% and 21% higher than background values, respectively. The averages of α at CAMS, Xianghe and Shangdianzi were ~1.21, ~1.17 and ~0.90, which were 34%, 10% and 13% higher than the background levels, respectively.
SSA and Volume Size Distribution
The SSA reflects the proportion of scattering by atmospheric aerosol particles in the total extinction and is one of the key variables for assessing the effects of aerosols on climate change. Fig. 6 shows the daily variation in SSA at CAMS, Xianghe and Shangdianzi. Generally, the SSA background levels at 440 nm at CAMS, Xianghe and Shangdianzi were ~0.86, ~0.83 and ~0.84, while the holidaymean SSA values were ~0.89, ~0.87 and ~0.86, which were about 3.5%, 5.0% and 2.4% higher than background values, respectively. These results suggest that the scattering by aerosol particles was enhanced during the holiday period.
On 7 February, the mean SSA values at 440 nm at CAMS, Xianghe and Shangdianzi were ~0.85, 0.86 and 0.83, respectively. As mentioned above, the favorable diffusion conditions contributed greatly to the better air quality, and these results were comparable with the value of 0.84 observed on a clean air day in Beijing (Jing et al., 2011) . It can be seen that the daily SSA values increased with AOD (Fig. 5) at the CAMS and Xianghe sites, especially during the most serious pollution stage (9-12 February). The maxima were observed on 12 February, with values of ~0.95 and ~0.96, which were about 10.5% and 15.7% higher than background levels, respectively. As mentioned above, firework displays contribute substantially to elevated atmospheric pollution Shi et al., 2011) , and increase the content of sulfates, nitrates and organic aerosols in the atmosphere, which are usually regarded as the main scattering aerosol particles (Drewnick et al., 2005) .
In addition, the spectral characteristics of the SSA are greatly affected by the size of aerosol particles. The RH was ~80% on 12 February, which may have greatly influenced the hygroscopic growth of water-soluble aerosols, enhancing the growth of fine-mode particles and resulting in a subsequent increase in the light scattering coefficient (Kotchenruther and Hobbs, 1998; Che et al., 2014) . In addition, the rate at which precursors to hygroscopic particles (e.g., sulfur and nitrogen oxides) were converted into sulfates and nitrates increased, resulting in substantial formation of secondary aerosols with strong scattering properties (Watson et al., 1994; Tao et al., 2014) . These factors could be valid reasons for the extremely high SSA on 12 February.
Figs. 7(a)-7(c) show the variation in the particle size distribution at CAMS, Xianghe and Shangdianzi, respectively. The volume size distributions showed a bimodal logarithmic normal structure, with two peaks at radii of ~0.10-0.26 and ~2.30-3.50 µm, during the holiday period at the three sites.
It can be seen from Fig. 7(a) that the volume of the fine mode (radius < 0.60 µm) at this urban site during the holiday period was greater than the background level and showed an increasing trend, indicating the generation and accumulation of fine particles. The volume of fine-mode particles varied from 0.04 to 0.21 µm 3 µm -2 , which was ~0.3 to 5.8 times more than the background level, respectively, and reached a peak on 12 February at a radius of 0.16 µm. As mentioned above, firework displays and high RH result in the formation of large numbers of fine particles Shi et al., 2011) . It should be noted that the aerosol radius corresponding to the maximum volume of fine-mode particles was bigger than those of pervious days (~0.12 µm), indicating the hygroscopic growth of fine particles should not be neglected.
From Fig. 7(b) we can see that during the most serious polluted period (9-12 February), the volume of fine particles at Xianghe gradually increased and reached a peak on 12 February, varying from 0.06 to 0.17 µm 3 µm -2 , which was ~1.1 to 4.7 times higher than the background value, respectively, indicating the generation of numerous fine particles. Similar to that of the CAMS site, the radius corresponding to the peak volume of fine-mode particles was also larger than those of other days, with a value of 0.26 µm, indicating the hygroscopic growth of fine particles. It is clear that the total volumes of fine and coarse particles at Shangdianzi were relatively lower than those at the other two sites (Fig. 7(c) ), indicating better atmospheric quality at this rural station due to there being fewer nearby pollution sources . However, during the intensive and widespread firework displays that occurred over the Beijing region for the Spring Festival holiday, the air pollution episode was seen. On 10 February, the volume of fine particles sharply increased and exceeded ~0.10 µm 3 µm -2 , which was about 8.9 times higher than the background level. Similarly, the volume of coarse particles exceeded ~0.05, which was about 1.5 times higher than background levelprobably resulting from the increasing content of fly ash derived from the explosion of fireworks . Fig. 7(d) compares the mean volume size distribution over CAMS, Xianghe, Shangdianzi, and their background levels. As can be seen, the mean volumes of fine and coarse particles at CAMS and Xianghe were all higher than the background levels, with values of (~0.08 µm 3 µm -2 , ~0.05 µm 3 µm -2 ) and (~0.06 µm 3 µm -2 , ~0.06 µm 3 µm -2 ), which were about (1.0, 0.5) and (0.3, 0.5) times higher than the background levels, respectively.
AAOD and AAE
The AAOD reflects the proportion of solar radiation absorbed by aerosol particles in the total extinction, the AOD, AAOD and AAE are related to one another as shown in Eqs. (1) and (2): (1) Fig. 8 shows the daily variations of AAOD and AAE (440-870 nm) at the three observation sites, and the missing date were result from the cloud accumulation and instrument problem. As demonstrated by many studies, the dust content, black carbon, and organic components are considered to be the main absorptive aerosols in the atmosphere (Russell et al., 2010; , and the AAE has been widely used to classify the different types of these absorptive particles Gui et al., 2016; Zheng et al., 2017) . Bergstrom (1973) and Bohren (2008) reported that the AAE value is close to 1.00 when black carbon dominates. A significant increase in organic aerosols leads to higher AAE values of between 1.00 and 2.00, due to the mixture of organic aerosols and strongly absorbing components in the atmosphere. Dust aerosols, which usually show strong absorptive capacity, result in an increase in AAE to between ~3.00 and ~5.00. An AAE value of < 1.00 indicates that the black carbon is coated with absorptive or non-absorptive materials for most of the time (Gyawali et al., 2009) .
In general, the air pollution episodes were all seen at the three sites during the Spring Festival holiday, characterized by sharply increasing AAOD values. The background values of AAOD at CAMS, Xianghe and Shangdianzi were ~0.05, ~0.06 and ~0.03, respectively. It should be noted that the background AAE at all sites was ~1.0, which means the dominant absorptive particles were black carbon.
During the holiday period, gradually increasing trends were seen in the variations of AAOD over CAMS, Xianghe and Shangdianzi, especially between 8 and 10 February. The AAOD varied from ~0.01 to ~0.13, ~0.03 to ~0.14, and ~0.01 to ~0.09 at CAMS, Xianghe, and Shangdianzi, respectively. The peak AAOD values at these three sites were ~1.6, ~1.3 and ~2.0 times higher than the background levels, respectively, indicating more absorptive aerosol particles in the atmosphere-probably due to the firework displays (Huang et al., 2012) . The variations in AAE over CAMS and Xianghe were comparable, as illustrated by the coincident increasing trends with AAOD in Figs. 8(a) and 8(b). From 9 till 12 February especially, the AAEs all exceeded 1.00 and even reached ~2.00, indicating a significant increase in organic aerosols. These results were comparable with many other studies , suggesting that these secondary aerosols originating from fireworks were responsible for the intense air pollution during the Spring Festival holiday. In contrast, the AAE at Shangdianzi showed a slight variation during the holiday period, with a value of ~1.00, suggesting that black carbon dominated. In summary, the AAOD mean values during the holiday at CAMS, Xianghe and Shangdianzi were ~0.06, ~0.07 and ~0.04, which were about 20.0%, 16.7% and 33.3% higher than background levels, respectively. At CAMS and Xianghe, organic particles dominated the aerosol absorption, while black carbon was responsible for the high absorptive aerosol content at Shangdianzi.
Aerosol Radiative Forcing
The aerosol radiative forcing (ARF) demonstrates the actual or total radiative impacts caused by atmospheric aerosols, which is key to evaluating regional and global climate change (García et al., 2012) .
Figs. 9(a) and 9(c) show the daily variation in ARF at the surface (ARF-BOA) and at the top of the atmosphere (ARF-TOA) at each site. Fig. 9 (e) presents the mean heating effect of ARF on the atmosphere during the Spring Festival holiday. As the pollution episode developed, the values of ARF-BOA at all sites increased (Fig. 9(a) ). On the most polluted day over the Beijing region (12 February), peak ARF-BOA values were observed at CAMS and Xianghe, exceeding -130 and -150 W m -2 , respectively, whereas the maximum ARF-BOA value was found on 10 February, with a mean value of about -110 W m -2 . The daily averages of ARF-BOA varied from -20 to -130, -40 to -150, and -10 to -110 W m -2 at CAMS, Xianghe, and Shangdianzi, respectively. It should be noted that the mean value for these three sites during the holiday was -70 W m -2 , which was about 27.3% higher than the background level, indicating that the cooling effect produced by aerosol particles was enhanced .
The variations in ARF-TOA showed similar trends to the ARF-BOA at the three stations during the holiday period (Fig. 9(c) ). The daily averages varied from -5 to -80, -3 to -85, and -2 to -20 W m -2 at CAMS, Xianghe, and Shangdianzi, respectively. The average value for the three sites was -25 W m -2 , which was about 66.7% greater than background level, indicating that the aerosol particles imposed a cooling effect at the TOA during the holiday.
It can be seen from Fig. 9 (e) that the heating effects on the atmosphere varied from 10 to 70, 35 to 110, and 5 to 90 W m -2 at CAMS, Xianghe, and Shangdianzi, respectively. The mean value for the three sites was ~50 W m -2 , which was about 25% higher than the background level during the holiday. These results illustrate that the higher absorbing capacity of atmospheric aerosol particles reduced the solar radiation backscattering to the TOA, and a larger percentage of solar energy was retained in the atmosphere over the Beijing region, suggesting that the atmosphere was strongly heated by ARF during the Spring Festival holiday. Che et al. (2014) reported that ARF efficiency is a more appropriate variable to make a consistent comparison among the ARF of atmospheric aerosols, and this is defined as the rate of atmospheric forcing per unit of AOD. The daily variation in the forcing efficiency at the BOA varied from -100 to -240, -100 to -340, and -240 to -275 W m -2 at CAMS, Xianghe, and Shangdianzi, respectively, as Fig. 9(b) shows. The mean value for the three sites was -225 W m -2 , which was about 10.0% less than the background level during the holiday-probably due to the higher SSA value during the holiday period . In Fig. 9(d) , we can see that the ARF-TOA efficiencies at CAMS, Xianghe, , respectively. The average was -65 W m -2 , which was about 12.1% higher than the background level, because a higher AOD induces a larger ARF (Xia et al., 2007) . The heating efficiency varied from -40 to -185, -50 to -289, and -25 to -75 W m -2 at CAMS, Xianghe, and Shangdianzi, respectively, as Fig. 9(f) demonstrates. The mean value was -160 W m -2 , which was about 18.8% less than the background level, and which could have been related to the sharp increase in AOD during the holiday .
PSCF and CWT Analysis
PSCF analysis was conducted in this study to investigate the potential source regions of the atmospheric pollutants over Beijing during the holiday period using TrajStat . The averages of hourly data from all environmental monitoring stations in the Beijing region, along with the corresponding 72-h back-trajectories at an altitude of 500 m, were used as the input for the PSCF model. In this study, the PSCF values were calculated using the Class II Chinese standard (< 75 µg m -3 , GB 3095-2012: http://kjs.mep.gov.cn/hjbhbz/bzwb/dqhjbh/dqhjzlbz/201203/t2 0120302_224165.shtml) as the criterion. The results for the particle mass concentrations (PM 2.5 ) are shown in Fig. 10(a) .
As can be seen, the high PSCF values were mainly located south of Beijing, such as the south part of Hebei and Shanxi provinces, and the central northern part of Shandong province. This finding is comparable to other studies (Xia et al., 2007; Yan et al., 2015; Zheng et al., 2017) and consistent with the results above. Hebei, Shanxi, and Shandong are usually regarded as industrial and agricultural provinces, and are highly polluted. During the holiday, the atmospheric pollutants originating from these areas were transported by southerly winds (as Figs. 2 and 3 show) and arrived later in Beijing, largely contributing to the severe air pollution episodes. It should be noted that the northwestern part of Beijing also showed other influences on the air pollution in Beijing, such as the central and eastern regions of Inner Mongolia, suggesting that atmospheric pollution in Beijing is partially caused by long-range transport from these upstream areas in winter (such as fine dust particles) (Wehner et al., 2008) .
CWT analysis was employed to explore the relative contribution of each potential source area to the high pollutant loadings in Beijing. As can be seen from Fig. 10(b) , the distribution of CWT values was comparable to that of PSCF, with high CWT values also located south of Beijing, such as the southern regions of Hebei and Shanxi provinces and the northern region of Shandong province. The contribution of these potential source regions to the PM 2.5 loadings in Beijing varied from 70 to 130 µg m -3 , and even exceeded 150 µg m -3 in some areas. Compared with the south of Beijing, the contributions from the north of Beijing were relative low, varying from 30 to 90 µg m -3 in the central and eastern regions of Inner Mongolia. It should be noted that the local emissions of air pollutants contributed to the extremely high particle loading to some degree, contributing values of about 50 to 110 µg m -3 , and indicating that local emissions of atmospheric pollutants (such as fireworks during the holiday) need to be given consideration Zhu et al., 2014; Zheng et al., 2016) .
CONCLUSIONS
A comparative analysis of the microphysical and optical properties, and radiative forcing of aerosols was conducted between three stations with different underlying surface conditions during the Spring Festival in Beijing using ground-based data, meteorological observations, and atmospheric environmental monitoring data.
Aside from natural emission sources, the meteorological conditions contributed greatly to the severe air pollution during the holiday. The high RH and unfavorable diffusion conditions (weak southerly winds, a decreasing boundary layer height, and surface temperature inversion) were favorable to the accumulation and significant increase in atmospheric pollutants (PM 2.5 ).
The aerosol optical properties based on ground measurements showed that the AOD at 440 nm consistently varied at CAMS, Xianghe, and Shangdianzi, illustrating the fact that severe air pollution partially caused by fireworks is a regional phenomenon over this megacity. During the airpollution period (8-12 February), the AOD increased at CAMS, Xianghe, and Shangdianzi, with daily peak values of ~1.62, ~1.73, and ~0.74, which were about 2.6, 2.9, and 2.1 times higher than the background levels, respectively. During the most polluted periods, α was usually > 1.40, suggesting that substantial formations of small particles contributed greatly to this air-pollution episode.
The SSA increased with the AOD during the most polluted periods, especially under conditions of high RH.
The peak values of daily SSA at CAMS, Xianghe, and Shangdianzi were ~0.95, ~0.96, and ~0.87. The size distribution showed an obvious bimodal logarithmic normal structure, with two peaks at radii of ~0.10-0.26 and ~2.30-3.50 µm during the holiday period at all three sites. An increased volume of fine-mode particles was found at all the sites and varied from 0.04 to 0.21 µm 3 µm -2 , 0.06 to 0.17 µm 3 µm -2 , and 0.01 to 0.10 µm 3 µm -2 , which was about 0.3 to 5.8, 1.1 to 4.7, and 1.2 to 8.9 times higher than the background values of CAMS, Xianghe, and Shangdianzi, respectively, indicating the contribution of fine mode particles. The daily AAOD varied from ~0.01 to ~0.13, ~0.03 to ~0.14, and ~0.01 to ~0.09 at CAMS, Xianghe, and Shangdianzi, respectively. During the most polluted period, the AAEs all exceeded 1.00 and even reached ~2.00 at CAMS and Xianghe, indicating a significant increase in organic aerosols, while the AAEs at Shangdianzi remained at ~1.00, meaning that black carbon was responsible for the high AAOD values.
The daily ARF-BOA varied from -20 to -130, -40 to -150, and -10 to -110 W m -2 during the holiday at CAMS, Xianghe, and Shangdianzi, respectively. The ARF-TOA showed similar trends to the ARF-BOA and varied from -5 to -80, -3 to -85, and -2 to -20 W m -2 for CAMS, Xianghe, for CAMS, Xianghe, and Shangdianzi, respectively. The mean value for the three sites was ~50 W m -2
, which was about 25% higher than the background level during the holiday, suggesting that the atmosphere was strongly heated by ARF.
The PSCF and CWT analyses showed that Beijing, the southern parts of Hebei and Shanxi Provinces, and the central northern part of Shandong Province were responsible for the extremely high PM 2.5 particle loading. The contribution values were about 50 to 110, 70 to 130, and 30 to 90 µg m -3 , respectively, indicating that the air pollution is a regional problem.
This study investigated the relationship between meteorological factors and aerosol optical properties during a pollution episode over Beijing during the Spring Festival. More detailed information on the microphysical processes, mechanisms of influence, and chemical composition of air pollutants still needs to be obtained through further observations or numerical simulations for the sake of improving regional air quality.
